In two experiments simultaneous color constancy was measured using simulations of illuminated surfaces presented on a CRT monitor. Subjects saw two identical Mondrians side-by-side: one Mondrian rendered under a standard illuminant, the other rendered under one of several test illuminants. The matching field was adjusted under the test illuminant so that it (a) had the same hue, saturation, and brightness (appearance match) or (b) looked as if it were cut from the same piece of paper (surface match) as a test surface under the standard illuminant. Matches were set for three different surface collections. The surface matches showed a much higher level of constancy than the appearance matches. The adjustment in the surface matches was nearly complete in the L and M cone data, and deviations from perfect constancy were mainly due to failures in the adjustment of the S cone signals. Besides this difference in amount of adjustment, the appearance and surface matches showed two major similarities. First, both types of matches were well described by simple parametric models. In particular, a model based on the notion of von Kries adjustment provided a good, although not perfect, description of the data. Second, for both types of matches the illuminant adjustment was largely independent of the surface collection in the image. The two types of matches thus differed only quantitatively, there was no qualitative difference between them.
Introduction
The light that is reflected from an illuminated object depends partly on the object's surface and partly on the illumination in the scene. This well-known fact raises a problem for our visual system. Since the illumination can vary drastically within days, illuminant changes can have a considerable impact on the light that is reflected from an object and, thus, on the receptor absorptions that result from it. Our visual system must compensate against this effect of illumination, in order to assign constant colors to objects.
The need for an adjustment to changes in illumination arises under quite different situations for our visual system. Two types of these situations were the primary focus of color constancy research in recent years. In the one type of situation, often referred to as successive color constancy, a scene is fairly uniformly illuminated by a light source, and illuminant changes are gradual and from one time to another. Under natural conditions this type of situation, for instance, can occur when a scene is lit by direct sunlight, say morning light, and then the spectral composition of the daylight changes gradually over the day. In the other type of situation, multiple light sources are present within the image, and the illuminant variation is relatively abrupt and within the image. Under natural conditions this effect may be caused, for instance, by shadowing, where one part of the scene is lit by direct sunlight while another part is cast in shadow. This situation is often referred to as simultaneous color constancy (Arend & Reeves, 1986; Brainard, 1998) .
By using the method of asymmetric color matching (Wyszecki & Stiles, 1982) , research in successive color constancy has repeatedly examined how the color appearance of objects varies with illumination. In this method, a subject sets a matching field under a test illuminant to match the appearance of a test surface under a standard illuminant. Changes in the subject's settings as a function of changes in illumination then reflect the visual system's adjustment to this change in the visual context. Typically, a considerable amount of illuminant adjustment was found in the subjects' matches, at least when there was enough time for the visual system to adapt to the illuminant change (Brainard & Wandell, 1992; Bäuml, 1995) .
Only a low amount of illuminant adjustment was found in subjects' color appearance matches in the situation of simultaneous color constancy, which is in agreement with the general observation that adjustments in color appearance to changes in illumination occur quite slowly (Hunt, 1950; Fairchild & Reniff, 1995) . At the same time, however, it has been shown that there is a considerable amount of adjustment in subjects' surface color matches in this type of situation. Arend & Reeves (1986) , for instance, presented subjects with two identical Mondrians side-by-side, which were each illuminated by a different light source. The subjects were asked to do two types of asymmetric color matching. In the first step, they were asked to adjust a matching field in, say, the right Mondrian so that it had the same hue, saturation, and brightness as a test field in the left Mondrian (appearance match). In the second step, they were asked to adjust the matching field in the right Mondrian so that it looked as if it were cut from the same piece of paper as the test field in the left Mondrian, that is, as if it were the same surface, only rendered under a different illuminant (surface match). The main result from their study was that when setting appearance matches the subjects' matches were much closer to physical matches than to color constant matches. However, when setting surface matches they were closer to color constant matches than to physical matches. This pattern of results demonstrates that the same surface can have quite a different color appearance under two different illuminants but, at the same time, may be perceived as roughly the same surface rendered under two different illuminants. A number of consecutive studies confirmed this finding (Arend, Reeves, Schirillo & Goldstein, 1991; Troost & deWeert, 1991; Cornelissen & Brenner, 1995) .
From experimental work investigating successive color constancy we know that, in situations with uniform and gradually changing illumination, the color appearance of objects is maintained across illuminant changes through an adjustment of the visual system that is largely in terms of the three cone signals, a principle often called von Kries adaptation (Kries von, 1905; Brainard & Wandell, 1992; Fairchild & Berns, 1993; Bäuml, 1995; Chichilnisky & Wandell, 1995; Brainard, Brunt & Speigle, 1997) . Based on this von Kries principle, the cone signals that result from an illuminated object are scaled as a function of the illumination in the scene. For instance, if an illuminant mainly emits light in the long-wavelength part of the spectrum, then it is mainly the L cone signal which is scaled; if an illuminant mainly emits light in the shortwavelength part of the spectrum, it is mainly the S cone signal which is scaled. Due to this scaling, a large part of the illuminant effect that is originally present in the absorptions can be eliminated. In addition, there is evidence that, in this situation, the illuminant adjustment is to a considerable degree independent from the objects in the image. Both in CRT studies (Bäuml, 1994 (Bäuml, , 1997 and in more natural images (Brainard, 1998) it has been found that the same illuminant change induces largely the same illuminant adjustment under varying image surfaces.
While we know quite a lot about the illuminant adjustment of our visual system in successive color constancy, we do not know very much about its adjustment in simultaneous color constancy. Two open questions stand out. First, can we describe surface color matches by means of the same class of models as appearance matches? In particular, is there a principle similar to the von Kries principle which can account for the adjustment underlying surface color perception? Second, is there substantial variation in surface color matches as a function of the surfaces in the image, or is the illuminant adjustment largely independent of the image surfaces, as seems to be the case for appearance matches? In this paper, two series of experiments designed to address one of these questions each are described. Experiment 1 examines whether we can use the same simple models, which we use to describe appearance matches, to account also for surface matches; Experiment 2 then examines the influence of the surface collection in the image on this type of matches. The Fig. 1 . The visual display. Subjects saw CRT simulations of two identical Mondrians, presented against a dark background field. The left-hand Mondrian was rendered under the standard illuminant, the right-hand Mondrian was rendered under one of four test illuminants. The Mondrians consisted of 25 rectangular fields of equal size. In the center field of the left-hand Mondrian the test surface was presented. The center field of the right-hand Mondrian (matching field) was adjusted by the subject to make it match in color (hue, saturation, and brightness or surface color) with the center field of the left-hand Mondrian, i.e. the test surface. Fig. 2 . Experimental illuminants. Each graph shows the spectral power distribution of one of the five illuminants used in the experiment. The bottom graph shows the standard illuminant which rendered the left-hand Mondrian. The other four graphs show the four test illuminants, which rendered the right-hand Mondrian. The two left-hand graphs show the two bluish test illuminants (T 1 , T 2 ) and the two right-hand graphs the two yellowish test illuminants (T 3 , T 4 ). All five illuminants are typical for natural daylight (see also Table A1 in the Appendix). experimental results will provide us new information on how surface color perception varies with illumination. They will also cast light on the issue of whether appearance and surface matches differ quantitatively or qualitatively.
Experiment 1

Method
Visual display
Subjects saw CRT simulations of two identical Mondrians, in which one of the two Mondrians was rendered under the standard illuminant and the other was rendered under one of four test illuminants (Fig.  1) . The Mondrians consisted of 25 rectangular fields of equal size. In the center field of the left-hand Mondrian, the test surface was presented. The center field of the right-hand Mondrian (matching field) was adjusted by the subject to make it match in color with the center field of the left-hand Mondrian, i.e. the test surface. The two Mondrians were presented against a dark uniform background field (B 0.01 cd/m 2 ), which subtended 24 vertical× 38 horizontal degrees of visual angle. The two Mondrians subtended 5°of visual angle each, both horizontally and vertically, and were separated from each other by 2°of visual angle. So, each of the single patches of the two Mondrians subtended 1°o f visual angle. Subjects saw the screen without head restraints from a distance of about 0.5 m in an otherwise dark room.
The patterns were displayed on a computer-controlled color monitor (BARCO Calibrator CCID 7651) Fig. 3 . Experimental surfaces. (A) The graph shows the CIE x, y chromaticity coordinates of the 16 surfaces that were used as test surfaces in this experiment; they were presented in the center field of the left-hand Mondrian. (B) The graph shows the CIE x, y chromaticity coordinates of the 24 surfaces which surrounded the test surface and matching field within the visual display. In both graphs, the coordinates of the surfaces that result when they are rendered under the standard illuminant are shown (see also Table A2 in the Appendix).
using a refresh rate of 71 Hz in non-interlaced video mode. The three channels of the monitor were controlled by an 8-bit digital-to-analog converter. The signals of the color channels could be varied in 256 steps from zero to maximal intensity for each pixel. The monitor's input signal was controlled by software, which corrected nonlinearities in the tube's response function. The luminance of each color channel was measured with a high precision photometer (Fa. Lichtmesstechnik, Model L 1003).The CIE x, y coordinates of the phosphors were provided by the manufacturer. To compensate for local variations in the gamma curves, the above measurements were done separately for the screen locations where the two Mondrians were presented. Gamma curves measured at the center of each Mondrian were used to control the stimuli. The programming was done by using PXL subroutines (Irtel, 1997) . Fig. 2 shows the spectral power distributions of the illuminants that were used in this experiment. The bottom graph shows the standard illuminant which rendered the left-hand Mondrian. The other four illuminants represent the four test illuminants, which rendered the right-hand Mondrian. The two left-hand graphs show the two bluish test illuminants and the two righthand graphs the two yellowish test illuminants. All five illuminants were drawn from the CIE daylight locus (Wyszecki & Stiles, 1982) and are typical for natural daylight. They span the whole range of chromaticities that is typically observed in natural daylight and vary also in their luminance. They were constructed from the three-dimensional linear model of Judd, MacAdam & Wyszecki (1964) (see Table A1 in the Appendix).
Experimental illuminants and surfaces
All experimental surfaces were drawn from the large set of simulated papers used by Brainard & Wandell (1992) . These surfaces are approximations of Munsell papers. It is well known that the spectra of Munsell chips can be well approximated by appropriate linear combination of about six basis surface reflectance functions. Moreover, taking human photoreceptors into account the first three or four basis functions of the linear model are already sufficient to fit the chips' reflectance closely (Maloney, 1986) . The chips' reflectance functions were approximated with a three-dimensional linear model where the three basis functions represent the first three principal components of the entire Kelly, Gibson & Nickerson (1943) data set. Fig. 3A shows the CIE x, y coordinates of the 16 surfaces which were used as test surfaces in this experiment. Their luminance varied between 7.0 and 21.0 cd/m 2 . The coordinates are plotted that result when the surfaces are rendered under the standard illuminant. Fig. 3B shows the CIE x, y coordinates of the 24 surfaces which surrounded the test surface and matching field within the display. Their luminance varied between 2.0 and 25.6 cd/m 2 . Again the coordinates are plotted that result when the surfaces are rendered under the standard illuminant (see also Table  A2 in the Appendix).
Both the experimental illuminants and the experimental surfaces are described by three-dimensional linear models. Based on this type of modeling, for each illuminant m a so-called light transformation matrix, D m , can be defined. This 3× 3 matrix depends on the illuminant m and provides a mapping from each 3× 1 column vector z, which represents a surface, to the cone absorptions that result from this surface when rendered under illuminant m (Wandell, 1995) . The light transformation matrix was computed for the standard illuminant and each of the four test illuminants and these matrices were used to compute for each experimental surface the Smith & Pokorny (1975) cone coordinates that result when the surface is rendered under one of the illuminants. These coordinates were used to simulate the illuminated surfaces on the monitor. In addition, the coordinates were used to determine for each illuminant change the matches that a perfectly color constant (2) represent the matches that a perfectly color constant observer would have set. To the extent that, for each of the three cone types, the subjects' matches fall on the horizontal line, they indicate that there is no illuminant adjustment at all; to the extent that the subjects' matches and the theoretical matches overlap, complete illuminant adjustment is indicated.
observer would have set to each of the 16 test surfaces. Comparing these theoretical matches with the matches a subject really sets provides information on the degree of the subject's illuminant adjustment.
Subjects
Seven subjects took part in the experiment. They had all normal color vision. With the exception of one subject (TE), they were naive about the purposes of the experiment.
Procedure
Each of the subjects set matches to eight different test surfaces. Three of the subjects set appearance matches: subjects CL and TK set appearance matches between the standard and one bluish and one yellowish test illuminant, and subject NC set appearance matches between the standard and all four test illuminants. Four of the subjects set surface matches: two of them (EM, TE) set surface matches between the standard and all four test illuminants, the other two (AR, BG) between the standard and one bluish and one yellowish test illuminant 1 .
In each experimental session only one test illuminant was presented to each subject. Subjects made two matches to each of the eight test surfaces during a session. Each test illuminant was presented in two to four different sessions to each subject, resulting in four to eight settings for each test surface under each test illuminant. Each subject began an experimental session with 1 min of dark adaptation. Then the two Mondrians were presented to the subject. The subjects did not adapt to the Mondrians and immediately started setting either appearance or surface matches.
To set an appearance match, the subjects were instructed to adjust the matching field so that it had the same hue, saturation, and brightness as the test field. They were instructed to disregard, as much as possible, other areas of the screen. To set a surface match, the subjects were instructed to adjust the matching field so that it looked as if it were cut from the same piece of paper as the test field. It was pointed out that the two displays consisted of identical surfaces, which were only differently illuminated. Subjects were informed that taking the colors of other patches within a Mondrian into account might be helpful for this task (Arend & Reeves, 1986) . While setting the matches, the subjects were instructed to spend about the same time looking at each Mondrian and to alternate between the two (2) represent the matches that a perfectly color constant observer would have set. To the extent that, for each of the three cone types, the subjects' matches fall on the horizontal line, they indicate that there is no illuminant adjustment at all; to the extent that the subjects' matches and the theoretical matches overlap, complete illuminant adjustment is indicated. displays in a roughly 2-s period. This was done to minimize adaptation to each of the two Mondrians. On average, each of the seven subjects made about 200 matches.
Data analysis
Tests of several models of the asymmetric matching data are reported. To choose the best parameters for each model, the difference between theoretically predicted and empirically observed matches was minimized using an error term that is normalized by the estimated covariance matrix, L T , of a subject's match settings under a certain test illuminant T (Mahalanobis metric). Suppose the column vector, e i , denotes the difference between the predicted and observed match coordinates. Then, the model parameters were estimated subject to minimization of the quantity
where n is the number of matches that a subject set under test illuminant T. Brent's algorithm was used to perform the error minimizations (Gegenfurtner, 1992) . Intuitively, this error measure is equivalent to (a) transforming the model deviations into a new coordinate frame where the distribution of errors are independent and have unit variance; and (b) using the Euclidean distance in that coordinate frame as the error measure. This approach to model fitting had already been used by Poirson and Wandell (1993) and Bäuml and Wandell (1996) . Fig. 4 shows the mean appearance matches of two subjects for one test illuminant each. The Smith & Pokorny (1975) LMS coordinates of the subjects' adjustments to the illuminant change are plotted as a function of the coordinates of eight test surfaces. The subjects' matches are represented by the solid symbols. The open symbols in the graphs represent theoretical matches, namely the matches that a perfectly color constant observer would have set. To the extent that, for each of the three cone types, the subjects' matches fall on the horizontal line, they indicate that there is no illuminant adjustment at all. To the extent that, for each of the three cone types, the subjects' matches and the theoretical matches overlap, complete illuminant adjustment is indicated.
Results
Appearance matches
The subjects' appearance matches show a tendency towards color constancy. Indeed, in many cases the Fig. 6 . Degree of constancy of the subjects' surface matches. The LMS coordinates of the surface matches of all four subjects are compared with the LMS coordinates of the matches that a perfectly color constant observer would have set. To the extent that the points deviate from the diagonal they indicate deviations from complete illuminant adjustment. matches shift in the right direction. These adjustments, however, are generally small and are far from perfectly color constant matches. This pattern of results also holds for the other test illuminants under which the subjects set appearance matches and for subject TK, whose results are similar to those of subjects CL and NC.
The method proposed by Arend, Reeves, Schirillo and Goldstein (1991) was used to quantify the degree of constancy that the subjects showed. In this method two Euclidean distances are measured: (1) the distance between the test surfaces and perfectly color constant matches (u); and (2) the distance between perfectly color constant matches and the matches the subject set under the test illuminant (6). Based on these distances the term 1− 6/u is interpreted as a constancy index. Typically this method results in a constancy index between 0 and 1, whereby 0.0 reflects no adjustment at all to the illuminant and 1.0 reflects complete adjustment. The distances were computed using CIELUV metric with the color coordinates of the respective test illuminant as the nominally white light (Wyszecki & Stiles, 1982) . A mean constancy index of 0.21 was found for subject NC, 0.28 for subject CL, and 0.15 for subject TK. These numbers reveal a low degree of illuminant adjustment.
Surface matches
Fig . 5 shows the mean surface matches of two subjects for one test illuminant each. The symbols within each graph have the same meaning as in Fig. 4 , however, the solid symbols now represent surface matches rather than appearance matches. The matches show a clear shift towards color constancy. Moreover, in many cases there is a considerable overlap between the two types of symbols, which indicates a high level of constancy. This pattern of results also generalizes to the other test illuminants under which the subjects set surface matches, and similarly holds true for the other two subjects, AR and BG. Again, constancy indices for the subjects' matches were computed. A mean constancy index of 0.75 for subject EM, 0.81 for subject TE, 0.83 for subject AR, and 0.73 for subject BG was found. These numbers reveal a high degree of illuminant adjustment 2 . The surface matches show extensive color constancy. However, as can be seen from Fig. 5B , there may also be some clear deviations from constancy. These deviations are to some degree systematic. Indeed, all four subjects show a very high level of constancy in their L and M cone data, and it is only for some of the S cone data that major deviations from constancy arise. Fig. 6 illustrates this point. In this figure the LMS coordinates of all the surface matches from all four subjects are compared with the corresponding theoretical perfectly color constant matches. Perfect constancy, with respect to each cone class, is indicated by the extent to which all the points in each graph fall on the diagonal. As can be seen, the deviations from constancy are relatively small for the L and M cone data, while there are some clear deviations for the S cone data.
Models
Appearance matches
As mentioned above, there is strong evidence that, at least when adaptation is more or less complete, the effect of illuminant changes on the color appearance of objects is roughly consistent with the von Kries principle. Whether the appearance matches in the present paradigm, in which adaptation is quite reduced, are The mean residual errors for the affine linear model, the linear model, the von Kries model, and the perfect-constancy model are shown, separately for each subject and matching task. CA, color appearance; SC, surface color. In addition, the precision of the matches and the size of the illuminant effect on the subjects' matches are shown.
also in agreement with this principle, was examined. A series of nested models was proposed -the affine linear model, the linear model, and the von Kries principleand the extent to which these models account for the illuminant effect in this experiment was tested. The affine linear model assumes that, after discounting some background level from each of the two Mondrians (Walraven, 1976; Shevell, 1978) , the cone coordinates of the test surfaces, t, are linearly transformed into the cone coordinates of the matching field, m:
where N m is a 3× 3 matrix, k m is a 3×1 column vector, and both N m and k m vary with the test illuminant, m. This model has 12 parameters for each illuminant change. Two more restrictive models were constructed. In the first step, the affine linear model was restricted by assuming that no background level is discounted from the Mondrians, i.e. k m =0. This results in a model with nine parameters for each illuminant change, in which the cone coordinates of the test surfaces are now linearly mapped into the cone coordinates of the matches. In the second step, the additional restriction was imposed that the matrix N m be diagonal. That is, consistent with the von Kries model, we assume that the adjustment to an illuminant change be in terms of the three cone coordinates. This model has only three parameters to account for a change in illumination. Table 1 shows the residual errors that were found for each of the three models, separately for the three subjects. They were computed using the Mahalanobis metric (see Section 2.1). Averaged over subjects, an error of 1.75 units for the affine linear model, 1.95 units for the linear model, and 2.15 units for the von Kries model was found. The precision of the matches was 1.48 units. These results closely parallel those that are typically found for appearance matches when adaptation is fairly complete (Brainard & Wandell, 1992; Bäuml, 1995) . They suggest that all three nested models provide a good description of the data and do about equally well. In fact, at least in a first approximation, the von Kries principle is reasonably close to the precision of the subjects' matches. Fig. 7A shows scatterplots comparing the whole set of appearance matches of one subject (NC) with the predictions of these matches based on this principle. There is good agreement between the matches and predictions. Table 2 provides the von Kries coefficients that were estimated for each of the three subjects under the single test illuminants. Fig. 4 and the constancy indices reported above demonstrate that the subjects' appearance matches are far from perfectly constant. To quantify the deviation from constancy in terms of the models proposed above, the error was computed when using the perfectly color constant (theoretical) matches to predict the subjects' matches. This model is a special case of a linear model. Averaged over subjects, an error of 11.33 units was found (Table 1) , which indicates a poor fit of the perfect constancy model. The fact that the error is even larger than the size of the effect in this experiment tells us that assuming complete illuminant adjustment leads to a much worse prediction of the matches than assuming that there is no illuminant adjustment at all.
Surface matches
The same set of nested models as used for the appearance matches were tested, in order to account for the subjects' surface matches. Table 1 shows, separately for the four subjects, the residual errors that were found for the three models. The pattern of results is quite similar to the one found for the appearance matches. Averaged over subjects, an error of 1.77 units for the affine linear model, 1.85 units for the linear model, and 2.18 units for the von Kries model was found. The precision of the matches was 1.44 units. Again, the results suggest that all three models do about equally well, and that all three models provide a reasonable description of the data. Fig. 7B shows scatterplots comparing subject TE's surface matches under all four test illuminants with the predictions of these matches based on the von Kries model. Again, there is good agreement between the matches and predictions. Table 2 provides the von Kries coefficients that were estimated for each of the four subjects under the single test illuminants. Fig. 6 above reveals that in some cases the subjects' matches deviate from perfectly color constant matches, particularly with respect to the S cone data. To quantify these deviations, the error was computed when using the perfectly color constant theoretical matches, in order to predict the subjects' matches. Averaged over subjects, the residual error of this model was 3.03 units (Table 1 ).This error is about one unit larger than the error from the linear model or the von Kries model, which indicates that these weaker models provide a substantially better description of the adjustment than the assumption of complete illuminant adjustment. Still, the results confirm the above finding that the subjects' matches show a large amount of adjustment. Fig. 8 serves as a summary of the results of the present experiment. It shows, separately for the two types of tasks, the mean error of the von Kries principle in predicting the subjects' matches compared to the subjects' precision in the task and the size of the subjects' adjustment to the illuminant changes (effect). In addition, it shows the quality of fit of the less restrictive hypotheses of an affine linear adjustment and a general linear adjustment. Three points may be stressed. First, consistent with what has been shown in Fig. 7 , the subjects' matches, both appearance and surface, are roughly consistent with the von Kries principle. Second, the von Kries principle accounts about as well for the data as do the more general hypotheses of an affine linear and a linear adjustment. Third, and most interesting, the pattern of results is the same for the appearance and the surface matches, with only one big difference: The surface matches show a much higher amount of adjustment to the illuminant changes than the appearance matches.
Comparing appearance and surface matches
Von Kries scaling 6ersus scaling in another color space
The von Kries principle assumes that the adjustment to an illuminant change is in terms of the three cone types. We might also think about an opponent version of this principle, proposing that the adjustment is in terms of three opponent colors signals. The surface match data were examined to see if they are better described by the original cone-based version of the principle or an opponent version. The Jameson and Hurvich (JH) opponent space (Jameson & Hurvich, 1955) and the Derrington, Krauskopf and Lennie (DKL) space (Derrington, Krauskopf & Lennie, 1984) was used for this analysis. In addition, the extent of Finlayson, Drew and Funt's (FDF) space of spectrally The three parameters that resulted when fitting the von Kries model to the subjects' matches are shown, separately for each subject and test illuminant. CA, color appearance; SC, surface color; T i , test illuminant i; L, gain of L cone class; M, gain of M cone class; S, gain of S cone class. A scale factor of 1.0 means that there is no adjustment with respect to this cone class.
sharpened sensors was tested (Finlayson, Drew & Funt, 1994) might still improve the fit of the original von Kries principle. This space was deduced from a computational approach to color constancy, to provide the most complete illuminant adjustment that may result from an independent adjustment of three color codes. It differs from cone space mainly through the fact that the long-wavelength sensor is pushed further toward the long-wavelength end of the spectrum, that it shows some degree of red-green opponency, and is spectrally sharpened.
Averaged over subjects, an error of 5.89 units for the JH space, 3.04 units for the DKL space, and 2.22 units for the FDF space was found. The mean error for the original von Kries principle was 2.18 units (see above).Thus, the two opponent versions of the principle do worse than the original cone-based version of the principle. This is particularly obvious for the JH space, while the DKL space leads to an error which is similar to the one that results from the perfect color constancy model (3.03 units) 3 . The FDF space leads to about the same error as the cone space, which is not too surprising because the two spaces do not differ very much.
Experiment 2
Method
The methods used in this Experiment 2 are largely identical to those used in Experiment 1. The main difference is that fewer experimental illuminants and more experimental surface collections were used than in Experiment 1.
Experimental illuminants and surfaces
Three illuminants from Experiment 1 were used: the standard illuminant, which rendered the left-hand Mondrian, and the dark bluish (T 1 ) and the bright yellowish (T 4 ) test illuminants, which both rendered the right-hand Mondrian (see Fig. 2 and Table A1 in the Appendix).
Three surface collections were used: a standard collection, which is identical to the surface collection used in Experiment 1, and two test collections. One of the two test collections, referred to as the bright collection, had similar average chromaticity as the standard collection (x= 0.343, y= 0.302 vs. x=0.321, y=0.333), but had a higher average luminance than the standard collection (L =19.65 vs. L= 10.47). The other test collection had a chromaticity that was on average reddish (x =0.413, y= 0.314) and a somewhat smaller average luminance (L= 7.42) relative to the standard collection; this collection is called the red collection. Fig. 9 shows the CIE x, y chromaticity coordinates of all the surfaces from the three experimental surface collections when rendered under the standard illuminant (see also Table A2 in the Appendix). All the surfaces were drawn from the large set of surfaces used by Brainard and Wandell (1992) and are approximations of Munsell papers. Finally, eight of the 16 test surfaces that were used in Experiment 1 were also used in this experiment.
Subjects
Seven subjects took part in the experiment. They had normal color vision and were all naive about the purpose of the experiment 4 . Each of the subjects set matches to the eight test surfaces. Five of them set matches between the standard and the yellowish test illuminant: Subjects MC and MK set appearance matches, and subjects BK, CM, and MR set surface matches. Two of the subjects set matches between the standard and the bluish test illuminant: Subject BP set appearance matches, and subject ST set surface matches. All seven subjects set their matches in all three experimental surface collections, that is, when the display's two identical Mondrians consisted of the standard collection, the bright collection, and the red collection. Each of the seven subjects made about 160 matches, on average.
Results
Degrees of constancy
In Experiment 1 subjects' surface matches showed much more illuminant adjustment than subjects' appearance matches (78 vs. 20%). This feature can also be met in this Experiment 2. The method proposed by Arend, Reeves, Schirillo and Goldstein (1991) to compute constancy indices was used. In order to maximize comparability of results with those from Experiment 1, the constancy indices were computed only for the matches set in the standard collection. In the appearance matching task a constancy index of 0.16 for subject MC, 0.27 for subject MK, and 0.32 for subject BP was found. In the surface matching task a constancy index of 0.80 for subject BK, 0.81 for subject CM, 0.82 for subject MR, and 0.74 for subject ST was found. So, on average, there is again a much higher degree of adjustment in the surface matching task (79%) than in the appearance matching task (25%). Fig. 10A , B show the mean appearance matches of subject MC (yellowish illuminant) for the three surface collections. Panel (A) compares the matches set in the standard collection with those set in the bright collection, panel (B) compares the matches set in the standard collection with those set in the red collection. Similarly, Fig. 10C , D show the mean appearance matches of subject BP (bluish illuminant), where panel (C) compares the matches set in the standard collection with those set in the bright collection, and panel (D) compares the matches set in the standard collection with those set in the red collection. In each panel, the Smith & Pokorny (1975) LMS coordinates of the subjects' adjustments to the illuminant change are plotted as a function of the coordinates of the eight test surfaces. The solid symbols represent the matches set in the standard collection, the triangles those set in the bright collection, and the plus signs those set in the red collection. To the extent that, for each of the three cone classes, the types of symbols overlap, they indicate that there is no effect on the subjects' adjustment to an illuminant change as a result of a change in surface collection. The surface collection systematically influenced subject MC's adjustment to the yellowish illuminant. This is particularly obvious when the matches set in the standard collection are compared with those set in the red collection (Fig. 10B) . In general, MC needed higher L, M, and S coordinates in the red collection than in the standard collection in order to set matches to the single test surfaces. There is also a slight indication that MC needed higher L, M, and S coordinates in the standard collection than in the bright collection (Fig. 10A) . A similar pattern of results arose for subject MK. His S cone data, however, were practically the same in the standard and bright collection. Fig. 9 . Experimental surface collections. Each graph shows the CIE x, y chromaticity coordinates of the 24 surfaces of one experimental surface collection. The left graph shows the standard collection, the middle graph the bright collection, and the right graph the red collection. The coordinates of the surfaces that result when they were rendered under the standard illuminant are shown (see also Table A2 in the Appendix).
Appearance matches
The surface collection had only a minor influence on subject BP's adjustment to the bluish illuminant. In tendency, subject BP needed slightly higher L and M coordinates in the standard than in the bright collection in order to set the matches (Fig. 10C) . The difference between the matches set in the standard and those set in the red collection (Fig. 10D ) was even smaller. These results for the bluish illuminant and the previous ones for the yellowish illuminant suggest that the surface collection can have a systematic effect on subjects' adjustments to an illuminant change.The size of this effect seems to vary somewhat with the illumination in the image. Over all, however, it is relatively small. Fig. 11A , B show the mean surface matches of subject BK (yellowish illuminant) and Fig. 11C,D show the mean surface matches of subject ST (bluish illuminant). Panels (A) and (C) compare the matches set in the standard collection (solid symbols) with those set in the bright collection (triangles), panels (B) and (D) compare the matches set in the standard collection with those set in the red collection (plus signs).
Surface matches
As was true for the appearance matches, the surface matches show some variation with surface collection under the yellowish illumination. In general, subject BK needed higher L, M, and S coordinates to set the matches in the standard collection than in the bright collection (Fig. 11A) , and also needed higher L and M coordinates in the red collection than in the standard collection (Fig. 11B) .The same was true for subject MR with respect to the L and M cone data, but a different pattern arose with respect to the S cone data. She needed higher S coordinates in the red collection than in the standard collection and about the same S coordinates in the standard and the bright collection. Subject CM showed essentially the same picture as subject BK for the standard and the bright collection, but showed hardly any systematic differences between the matches set in the standard and those set in the red collection.
Again the surface collection had only slight effects on the adjustments to the bluish illuminant change. Indeed, the matches that subject ST set under the bluish illuminant were more or less the same in the standard and the bright collection (Fig. 11C) . It is only for the red collection that, in general, ST needed slightly smaller L and M coordinates to set the matches than she needed in the standard collection (Fig. 11D ). Again these results and the previous ones for the yellowish illuminant indicate that the surface collection can systematically influence the subjects' adjustments to an illuminant change. Again, however, this effect seems to vary with the illumination, and it is relatively small.
In summary, these results demonstrate that both the appearance and the surface matches can be affected by the image surfaces, and that the influence of image surfaces is quite similar in the two types of tasks. For instance, for both types of matches the influence of image surfaces is larger for the yellowish than for the bluish illuminant change. Or, changing the image surfaces from the standard to the red collection, on average, induces a larger effect in the illuminant adjustment than when changing the surfaces from the standard to the bright collection. Besides this qualitative similarity the matches are also similar in quantitative respects. This point is addressed in more detail in the next paragraphs.
Models
Illuminant adjustment
Both the linear model and the von Kries model were fitted to the subjects' matches, separately for each surface collection. For the appearance matches a mean residual error of 1.95 units for the linear model and of 2.31 units for the von Kries model was found. For the surface matches, a mean residual error of 1.91 units for the linear model and of 2.18 units for the von Kries model was found. The precision of both types of matches was about 1.5 units (see Table 3 for details). These results mirror those from Experiment 1 and indicate again that not only the linear model, but also the von Kries model provide a reasonable description of the two types of matches. Table 4 shows the von Kries coefficients that were estimated for each of the subjects for the single surface collections.
Influence of surface collection
In the analyses of the preceding paragraphs, linear transformations were fitted to the subjects' appearance and surface matches, which were free to vary both with the illuminant and with the surface collection. By fitting linear transformations to the same data, which are only free to vary with the illuminant but not to vary with the surface collection, we gain some insight into the size of the influence of surface collection on the subjects' adjustments to illuminant changes. (Table 3) 5 . So, consistent with the visual impression from Figs. 10 and 11 and The mean residual errors for the linear model and the von Kries model are shown, separately for each subject and matching task. CA, color appearance; SC, surface color; T i , test illuminant i. The errors are shown when the transformations were allowed to vary with surface collection (G, general) and when they were restricted to be the same across collections (R, restricted). In addition, the precision of the matches and the size of the illuminant effect on the subjects' matches are shown. Table 4 , the effect of surface collection on the subjects' adjustments to an illuminant change is not very large. Fig. 12 may serve as a summary of the results of the present experiment. It compares, separately for the appearance and surface matches, the mean error of the von Kries model, when its parameters are free to vary with the surface collection, with that of the von Kries model, when its parameters are restricted to being the same across surface collections. Similar comparisons are shown when using the general linear model instead of the von Kries model. The errors from these models are compared with the precision of the matches and with the size of the subjects' adjustments to the illuminant changes (effect).
Comparing appearance and surface matches
The figure shows three things. First, the von Kries model and the general linear model describe the matches about equally well. This holds both when the transformations are estimated individually for the single surface collections and when the restriction, that the surface collection does not affect the adjustment, is imposed. Second, the effect of surface collection on the description of the adjustment is relatively small. The increase in error that is introduced by ignoring the role of surface collection is comparable to the increase in error that is introduced when we accept the von Kries model as, as good a description of the adjustment as the general linear model. Third, the same pattern of results shows up for the appearance and the surface matches. Thus, the main difference between the two types of matches is again that the surface matches show a much higher amount of adjustment to the illuminant changes than the appearance matches.
Discussion
Appearance 6ersus surface matches
The present study replicates findings from previous studies by showing that, in simultaneous color constancy, surface matches show a much higher level of illuminant adjustment than appearance matches. It goes beyond prior work by demonstrating that the adjustment in the surface matches is nearly complete in the L and M cone data-thus generalizing results from Arend and Goldstein (1987) who found nearly perfect lightness constancy in achromatic Mondrian patternsand that deviations from perfect surface color constancy are mainly due to failures in the adjustment of the S cone signals. These failures may be the result of an underestimation or an overestimation of the illuminant effect (Fig. 5) , and they may vary both within subjects, as a function of the test illuminant, and between subjects (Table 2 ). This variability in the S cone data is in agreement with a recent result by Nascimento & Foster (1998) , who also found that the S cone signals are of minor relevance for the subjects' surface color constancy performance. Notice, however, that also appearance matches show more variability in the S cone than in the L and M cone data (Tables 2 and 4) .
Just as in the previous studies by Arend and colleagues (Arend & Reeves, 1986; Arend, Reeves, Schirillo & Goldstein, 1991) , in the present experiments quite low amounts of illuminant adjustment were found in the appearance matching task-on the order of 25%. Recently, Brainard, Brunt and Speigle (1997) reported an asymmetric color matching experiment in which subjects set appearance matches in more natural images. On average, these researchers found degrees of constancy which were substantially higher than the ones Arend and colleagues and this study found-on the order of 60%. The higher level of constancy that Brainard and colleagues reported might have to do with the more natural stimulus conditions that they used thus leading to different covariance matrices. This explains why the visually larger effects under the yellowish illuminant did not lead to much larger errors in the analyses than the visually smaller effects under the bluish illuminant. this point holds for both the appearance and the surface matches. The three parameters that resulted when fitting the von Kries model to the subjects' matches are shown, separately for each subject and surface collection. CA, color appearance; SC, surface color; T i , test illuminant i; standard, standard surface collection; bright, bright surface collection; red, red surface collection; L, gain of L cone class; M, gain of M cone class; S, gain of S cone class. A scale factor of 1.0 means that there is no adjustment with respect to this cone class. (Kaiser & Boynton, 1996) . However, other possibilities remain as well, since their experimental setup differed in several ways from the one used in the present study. For instance, Brainard and colleagues presented relatively rich scenes with quite large test fields and spatially gradual illuminant changes; here relatively reduced scenes with rather small fields and abrupt illuminant changes were presented. In fact, the role of degree of naturalness of images on color constancy performance is still an open issue (Bäuml, 1997; Brainard, 1998) .
6on Kries adjustment
The appearance matches of both experiments are well described by simple parametric models. In particular, a model based on the notion of von Kries adjustment provides a good description of the data. One of the major questions of this study was whether we need different models to describe appearance and surface matches in simultaneous color constancy, or whether we can use the same class of models to account for the two types of matches. Of particular interest was the question of whether there is a principle similar to the von Kries principle which can account for the surface matches. The present data provide clear-cut answers on these questions. They demonstrate that the surface matches can be described by the same set of models as the appearance matches, and that the von Kries principle provides an equally good explanation of the appearance match data as of the surface match data.
Finding appearance matches to be roughly consistent with the von Kries notion has often been interpreted based on the idea that the adjustment takes place at the level of the photoreceptors in our retina. This interpretation of the von Kries principle may be adequate for the constancy mechanisms involved in setting appearance matches (Werner & Walraven, 1982; Chaparro, Stromeyer, Chen & Kronauer, 1995; Chichilnisky & Wandell, 1995) . It seems unlikely, however, that it is appropriate in the case of surface matches. Indeed, we expect that the adjustment which underlies the surface matches occurs at much higher levels of the visual system (Cornelissen & Brenner, 1995) . One possibility would be that the cone signals, after being recoded into opponent signals still within the retina, are separated again in a more central representation, or at least close versions of the cone signals (Zeki, 1993; Finlayson, Drew & Funt 1994) , and that the adjustment which underlies the surface matches is largely in terms of these separated signals. But, of course, other possibilities remain as well.
Whatever the physiological explanation of the von Kries adjustment in the case of surface matches, the cone signals that result from an image's surfaces carry useful information for the visual system's inference about whether a contextual change reflects a change in illumination or a change in surfaces, and our visual system seems to be able to use this information. Corresponding evidence has also been provided in two recent studies by Foster and Nascimento (1994) and Nascimento and Foster (1998) . In a simulation study, Foster & Nascimento (1994) examined how the cone ratios of two adjacent surfaces, x and y, vary as a function of changes in illumination. While changes in illumination have a large effect on the absolute cone values that result from the illuminated surfaces, they found that illuminant changes leave the cone ratios L x /L y , M x /M y , and S x /S y largely invariant. Furthermore, Nascimento and Foster (1998) presented subjects with pairs of successive images of Mondrian patterns undergoing illuminant changes, in which one of the changes was adjusted so that cone ratios for any two surfaces in the Mondrian were held constant. Subjects were asked which of the two changes was more like an illuminant change. It was found that subjects systematically misidentified the changes with the corrected cone ratios as the illuminant changes, even when those corrected images corresponded to highly improbable natural events.
These results together with those from the present experiments suggest that von Kries adjustment is an appropriate model to account for the illuminant adjustment which underlies surface matches. At least in two respects, however, such a view is a simplification. First, the von Kries principle provides a reasonable description of the surface matches but can not account for all the variation in the data. This feature is not unique to the surface matches and does equally hold for appearance matches, in both successive color constancy (Brainard & Wandell, 1992; Bäuml, 1995) and simultaneous color constancy (Brainard, Brunt & Speigle, 1997) (Figs. 8 and 12) . Second, the experimental data can not distinguish between an adjustment in terms of the cone classes and an adjustment in terms of three closely related color codes, like, for instance, the spectrally sharpened sensors proposed by Finlayson, Drew and Funt (1994) . In fact, the assumption of a scaling of the responses of these sharpened sensors provides an equally good account of the data as the assumption of a scaling of the responses of the three cone classes. The data, however, can distinguish between the cone-based version of the von Kries principle and opponent versions of the principle. All opponent spaces that were examined provided a poorer fit to the matches than the cone space.
Influence of surface collection
In Experiment 2 the illuminant adjustment of both appearance and surface matches across three different surface collections were compared. Both the appearance and the surface matches were influenced by the surface collection in the image, and this influence was comparable between the two types of matching tasks, both in pattern and in size. Thus, in both types of tasks, the adjustment to an illuminant change was not only a function of illumination but also a function of the image surfaces. This dependence on the image surfaces, however, was not very large. The error that was introduced by ignoring the role of surface collection was comparable to the increase in error that is introduced when the von Kries model is accepted as, as good a description of the adjustment as the general linear model.
The conclusion that in simultaneous color constancy image surfaces do not have a major impact on the illuminant adjustment, however, must remain preliminary. First, there is a huge number of possible variations in surface collections and the present study just investigates a few. Second, since the same surfaces were used on both sides of the display-as is usually done in studies on simultaneous color constancy-any effect of the surface collection common to both illuminants would not be seen in an asymmetric matching paradigm. In this sense, the present experiment just makes a start and further studies will be necessary to draw more firm conclusions on the role of image surfaces.
Surface matching: perceptual or conscious reasoning?
In general, appearance matching is a fairly easy task for subjects and they do not report any problems with it (but see Bäuml & Wandell, 1996 , or Brainard, Brunt & Speigle 1997 . At least for some subjects, surface matching seems to be more challenging, and from time to time a subject may even struggle with this task. The question that arises is whether surface matching is still a perceptual task, or whether it involves a substantial amount of conscious reasoning. In the present experiments there was no evidence that surface matching was largely based on reasoning. Most subjects found the surface matching task very natural and just seemed to perceive that a certain color was the 'right' one, in order for the matching field to represent the same surface as shown in the test field. This result is noticeable, since seven of the eight subjects who set surface matches in the two experiments were naive and had never before set any types of color matches. In previous studies many of the subjects were informed or so-called experienced subjects (Arend & Reeves, 1986; Cornelissen & Brenner, 1995) .
Surface matching is usually examined in situations in which the simulated surfaces are the same in the left and right Mondrians, a feature which is also used for the subjects' instructions (see Section 3.1). But, is surface matching still perceptual, when the left and right Mondrians differ in their surfaces? This issue was addressed in informal observations by asking two fresh naive subjects to set surface matches under such conditions. In the left Mondrian, the standard collection rendered under the standard illuminant and in the right Mondrian the red collection rendered under the bright yellow or the dark blue test illuminant was presented. I used the same test surfaces as in Experiment 2. Both subjects found the task extremely difficult. They reported that they were searching for a reliable criterion to set the matches but failed to find one. The same subjects showed no problems in setting surface matches when the display's left and right Mondrians were identical. This observation may suggest that surface matching is no longer perceptual (if possible at all) in situations in which not only the illuminant but also the surfaces vary within the image. If this observation generalized to other subjects as well, we would need to think in more detail about the connection between the surface matching task and seeing in natural scenes. Indeed, while there will be common context across illuminant changes in some cases, in others there will not. Discovering exactly what stimulus conditions support surface matching and what conditions do not might become an important task for future research.
This Appendix consists of two tables. Table A1 specifies each of the five experimental illuminants. Table A2 specifies, separately for each of the three experimental surface collections, the 24 surfaces which surrounded the test surface and matching field within the visual display. The table shows, separately for each of the three surface collections, the CIE x, y chromaticity coordinates and the luminance values (L) of the 24 surfaces which surrounded the test surface and matching field within the visual display.
In Experiment 1 only the standard collection was used; in Experiment 2 the standard, the bright, and the red collection were used. For each single surface, the first number specifies the row and the second number the column in which the surface was presented within the 5×5 array of experimental surfaces (compare Fig. 1 ). The coordinates of the surfaces that result when they are rendered under the standard illuminant are shown.
